We have grown (100) oriented composite lms of Si and Ni silicide nanocrystals (Ni-Si NC lm) on substrates of Si on insulator (SOI) and Si on quartz glass (SOQ). Owing to improvement of carrier transport properties and reduction of the thermal conductivity in the oriented lms, they have higher dimensionless gures of merit, ZT of 0.22-0.42 for p-type Ni-Si NC lm and 0.08-0.13 for n-type Ni-Si NC lm than that of bulk Si (ZT < 0.01) at 30 C. The ZT values of p-type and n-type Ni-Si NC lms were increased to 0.65 and 0.40 at 500 C, respectively.
Introduction
Thermoelectric conversion is one of the key technologies for energy harvesting. In order to utilize thermoelectric technology in the wide-ranging situations near the human body, it is necessary to fabricate thermoelectric devices that work at near room temperature (RT), using environmentally safe materials. Silicon is one of the nontoxic and earth-abundant materials. However, it is dif cult to use Si for thermoelectric devices since its dimensionless gure of merit, ZT, is very small (ZT < 0.01 at 30 C). The ZT values are given by ZT = S 2 T/ρκ, where ρ, S, κ, and T are the carrier resistivity, Seebeck coef cient, thermal conductivity, and temperature, respectively. The value of ZT for Si is low because of its high κ value (>100 Wm −1 K −1 at RT) 1) . Thus, it is necessary to reduce the thermal conductivity of Si.
It has been pointed out that κ can be reduced by forming nanostructures of Si such as nanowires 2, 3) and nanocrystals (NCs) [4] [5] [6] [7] [8] with enhanced phonon scattering at their surfaces and interfaces. Recently, we demonstrated that semiconducting composite lms of Si and Ni silicide NCs (Ni-Si NC lms) on SiO 2 (quartz glass) substrates have much lower values of κ (3-7 Wm −1 K −1 ) than bulk Si at RT 6) . Much higher ZT values of 0.13 and 0.06 were obtained for heavily-doped p-type and n-type Ni-Si NC lms (~10 20 cm −3 ), respectively at RT. The absolute values of S for the heavily doped p-and n-type Ni-Si NC lms were estimated to be 100-200 μV K −1 , which compare favorably with those of the Si nanocomposite bulks and single-crystalline Si. However, the electron and hole mobilities of the Ni-Si NC lms were reduced by 34 and 55%, respectively, from the values for single-crystalline Si (c-Si). Thus, to further increase ZT of the Ni-Si NC lms, we must improve the carrier-transport properties of the lms as well as reduce the thermal conductivity. In the study reported here, we further improved the thermoelectric properties of the Ni-Si NC lms by increasing the carrier conductivity through orientational growth of the lms on substrates of silicon on insulator (SOI) and silicon on quartz glass (SOQ).
Experimental
The thicknesses of the SOI and SOQ layers were 10 and 75 nm on the box SiO 2 layer and the SiO 2 substrate, respectively, with crystal orientation of (100). The Ni-Si NC lms were synthesized on the SOI and SOQ substrates with phase separation from the amorphous Ni-Si alloy lms with composition of NiSi 20 , incorporating 2 mol% B for p-type Ni-Si NC lms and 2 mol% P for n-type Ni-Si NC lms, followed by thermal annealing at 800 C for 5 min in a N 2 ambient. The amorphous NiSi 20 lms were deposited by DC magnetron sputtering of the Ni-Si target with a composition of Si/Ni = 20:1 (99.9%) in a pure Ar atmosphere at a sputtering pressure of 3.3 × 10 −3 Torr. The 2 mol% B and P dopant atoms were includes to the Ni-Si targets. The thickness was controlled in the range 750 nm to 1 μm by deposition time, and measured by pro lometer (Dektak 3). For the dopant activation, rapid thermal annealing (RTA) was performed at 1200 or 1230 C with infrared-lamp heating for 10 or 20 s in a N 2 ambient. Hereafter, the Ni-Si NC lms on the SOI, SOQ, and SiO 2 substrates are referred to as (Ni-Si NC lm)/SOI, (Ni-Si NC lm)/SOQ, and (Ni-Si NC lm)/SiO 2 , respectively. We observed the structures of the Ni-Si NC lms using cross-sectional transmission electron microscopy (TEM) with electron-beam energy of 300 keV. The Ni-Si NC lms were characterized by x-ray diffraction (XRD) using Rigaku s Ultima IV system (Cu K α x-ray source). To investigate the phonon modes in the Ni-Si NC lms, Raman spectra of the lms were measured using a continuous-wave (CW) laser with a wavelength of 488 nm and a power of 0.15 mW, where the excitation laser was focused on the sample through an objective lens with ×50 magni cation and a diameter of 2 μm. The electrical-transport properties of the B-and P-doped Ni-Si NC lms were characterized with Hall measurements at RT. The in-plane distributions of S and κ values of the (Ni-Si NC lm)/SOQ were measured using a scanning thermal probe micro-imaging (STPM) system (ULVAC-RIKO Corp.) at RT 6, 9, 10) . The κ values measured by STPM method re ect the isotropic heat transport from the thermal probe to the Ni-Si NC lms. The κ values of (Ni-Si NC lm)/SOI were also measured by TCN-2ω methods (ULVAC-RIKO Corp.) 11) . Vertical heat transport of lm samples are measured by the TCN-2ω method, however the method was used to measure thermal conductivities of nanocomposite lms in literatures 6, 7, 12, 13) , because the lms had isotropic thermal transport properties owing to the uniformly-distributed phonon scattering center in the lms. In the TCN-2ω method, the measurement specimen consists of four layers, an Au thin lm, the Ni-Si NC lm, and the box SiO 2 layer and Si substrate. The Au lm of 100 nm in thickness was deposited on the Ni-Si NC lm by DC magnetron sputtering of an Au target. The Au lm was used as a heat source by AC Joule heating and as a temperature sensor for monitoring the heat penetration from Au lm to (Ni-Si NC lm)/SOI by a thermo-re ectance technique. The equation of the thermal conduction for the three-layered system has been solved analytically to obtain the κ value of Ni-Si NC lms 11) . The temperature-dependent ZT was measured by an electrical-resistance measuring system, (ZEM-3, ULVAC-RIKO Corp.) from 30 to 500 C.
Results and Discussion
Figure 1(a) shows the XRD patterns of (Ni-Si NC lm)/ SiO 2 and (Ni-Si NC lm)/SOQ, with sharp peaks that can be indexed to Si and NiSi 2 . The Si and NiSi 2 peaks with Miller indices of 111, 220, 311, 331, and 400 are located at the same diffraction angles because the lattice constants of Si and NiSi 2 are almost the same. The 200 peak, which was observed in the XRD patterns of only (Ni-Si NC lm)/SOQ, is assigned to NiSi 2 since the crystal symmetry of Si makes the 200 peak unobservable. In the pattern of (Ni-Si NC lm)/SOQ, the 400 peak is prominent and other peaks are negligibly small, indicating that the 100-oriented domains were dominant in the lm grown on the SOQ (100) layer. The Ω scan of 400 peak have small FWHM of 0.15 indicatingorientation to 100 direction. On the other hand, various crystal orientations of 111, 220, 311, and 331 were observed in (Ni-Si NC lm)/ SiO 2 . Under the TEM, orientational growth of domains on the scale of several micrometers was observed in the Ni-Si NC lm on the SOI sample, while random domain orientations were observed in (Ni-Si NC lm)/SiO 2 . Similar orientational growth of domains was observed in both (Ni-Si NC lm)/ SOQ and (Ni-Si NC lm)/SOI samples.
show cross-sectional TEM images of the B-doped Ni-Si NC lm after RTA at 1200 C. We observed bright and dark domains from 100 to 500 nm in diameter and undulation of the SOI substrate in Fig. 1(b) . As was the case for (Ni-Si NC lm)/SiO 2 6) , the bright and dark domains are assigned to the Si NCs and NiSi 2 NCs, respectively. The formation of Si NCs was con rmed by the Raman measurements of (Ni-Si NC lm)/SOI, which will be discussed later. NiSi2 NCs of 10-50 nm in diameter were observed in the Si domains. Moreover, as shown in Fig. 1(c) , smaller Ni silicide NCs, which measured 5-10 nm in diameter, were formed near the interface between the NiSi 20 alloy lm and the Si layer of SOI substrate. A secondary ion mass spectrometry measurement indicated diffusion of Ni and dopant atoms into the SOI and SOQ layers after RTA. Thus, the upper part of the SOI and SOQ layers converted to Ni-Si NC lms after annealing. We observed twin and planar defects with higher density in both (Ni-Si NC lm)/SOI and (Ni-Si NC lm)/SOQ than those in (Ni-Si NC lm)/SiO 2 substrate. The arrows in Fig. 1 (b) indicate the position of the planar defects. Owing to the restric- tion on crystal orientation of Si regions in the (100) direction because of the orientational growth, the twin defects were generated at domain boundaries of Si regions in the lms on the SOI and SOQ substrates. A typical twin defect located at the domain boundary is shown in Fig. 1(d) . These planar and twin defects could serve as scattering centers of phonon 6, 14) , thereby reducing the thermal conductivity of the lm. The multiscale hierarchical architecture, such as the domain boundaries, nanostructures and defects, in Ni-Si NC lms effectively scatter phonons with wide range of mean free path, resulting in large reduction of the thermal conductivity, as shown in leterature 15) . Figure 2 shows Raman scattering spectra of the P-and B-doped (Ni-Si NC lm)/SOQ after RTA at 1200 C. We found distinct Si-Si phonon modes at 512 and 518 cm −1 in the Raman spectra of p-type and n-type lms, respectively. The Si-11 B and Si-10 B modes were observed at 614 and 636 cm −1 , respectively, indicating that the B atoms were located at the substitutional sites of the Si lattice. These peak positions are ~4 cm −1 lower than those of Si-B modes of Si NCs reported in the literature 16) . This downshift is related to the tensile stress in the Si NCs in the Ni-Si NC lms, which was caused by the difference between the thermal expansion of Si and NiSi 2 6) . The peak of the Si-Si mode in the p-type Ni-Si NC lm exhibits broadening and down-shifting to lower wave numbers, which is attributed to the Fano effect of Raman signals 16, 17) . The Fano effect emerges in Raman spectra of highly doped Si, with p-type Si showing a stronger Fano effect than n-type Si. The strong Fano effect of the p-type Ni-Si NC lms indicates that high-density holes were generated after RTA.
We characterized the carrier-transport properties of B-and P-doped Ni-Si NC lms on SOI and SOQ substrates with Hall effect measurements. Figure 3 is a plot of the carrier mobility against the carrier density of the lms. The carrier mobility and density were 13-25 cm 2 V −1 s −1 and 2.5-9.0 × 10 20 cm −3 , respectively, for p-type lms and 28-47 cm 2 V −1 s −1 and 6.2-8.9 × 10 19 cm −3 , respectively, for n-type lms. Similar to c-Si 18) , the electron and hole mobilities of the Ni-Si NC lms were decreased by increasing the carrier density, as shown in Fig. 3 .
Apparently, the mobilities of p-type (Ni-Si NC lm)/SOQ and p-type (Ni-Si NC lm)/SOI are lower than that of the lm on SiO 2 , while n-type (Ni-Si NC lm)/SOQ and n-type (N-Si NC lm)/SOI had the highest mobilities among all four lm types. However, we should consider that the mobility in Si depends on the carrier density; the mobility decreased with increases in carrier density, as shown in Fig. 3 . The electron and hole mobilities of Ni-Si NC lms on the SOI and SOQ substrates were 52 and 59%, respectively, of the values for the p-type c-Si, while those of (Ni-Si NC lm)/SiO 2 were 34 (electron) and 55% (hole) of the values for c-Si 6) . Thus, the mobility was clearly improved for the lms that were grown on the SOI and SOQ substrates. The lowest resistivities (ρ) were 1.9 × 10 −5 Ω m for n-type and 5.2 × 10 −6 Ω m for p-type Ni-Si NC lms on the SOI and SOQ substrates. These resistivities are lower than those of (Ni-Si NC lm)/ SiO 2 substrates 6) .
The S and κ values of (Ni-Si NC lm)/SOQ were measured using the STPM system. Figure 4 (a) and (b) shows the STPM mapping of S and κ at 300 K for the B-doped (Ni-Si NC lm)/SOQ after RTA at 1200 C. The size of the mapping area was 5.5 × 5.5 mm 2 , and the spatial resolution was 250 μm. The S values varied from 136 to 200 μV K −1 , as shown in Fig. 4(a) . This variation may re ect the uctuation of the local carrier density of the Ni-Si NC lm, resulting from undulations of the annealing-temperature distribution caused by the distribution of the infrared light intensity in the RTA furnace, as previously reported for a Ni-Si NC lm on a SiO 2 substrate 6) . As shown in the histogram of the S values in Fig. 4(d) , most of the S values were distributed between 140 and 170 μV K −1 and the average value was estimated to be 18 The open circles and triangles show the data of n-type and p-type Ni-Si NC lms on SiO 2 substrates. 6) 157 μV K −1 . This uctuation may have been caused by the variations in carrier density in the Ni-Si NC lm because the S value is sensitive to the carrier density. We measured the heat effusivities (ε) of the Ni-Si NC lms with the STPM system and estimated the value of κ using κ = ε 2 /cd, where c is the speci c heat capacity and d is the atomic density of the lms. In the calculation, we used the following values for the Ni-Si NC lm: a speci c heat capacity of 0.66 Jg −1 K −1 and atomic density of 2.579 g cm −3 . The volume ratio between the Si and NiSi 2 regions was estimated to be Si/NiSi 2 = 9:1 from the composition of the lm (Ni 0.95 Si 0.05 ) and the atomic densities (2.329 g cm −3 for Si and 4.83 g cm −3 for NiSi 2 ) 19) . The speci c heat capacity of the Ni-Si NC lm was estimated to be 0.66 Jg −1 K −1 from a combination of the speci c heat capacity of 0.712 Jg −1 K −1 for Si 20) and 0.1925 Jg −1 K −1 for NiSi 2 19) based on the Si/NiSi 2 volume ratio. The κ values were mainly distributed in range of 2.2-3.4 Wm −1 K −1 , as shown in Fig. 4(d) , which may re ect the local structural variations in the lm such as agglomeration of Si and NiSi 2 NCs and formation of voids, and defects. The average κ value (κ avg ) was calculated to be 2.8 Wm −1 K −1 .
The average of the absolute values of local Seebeck coefcients (S avg ), calculated using the STPM mapping data, is plotted as a function of the carrier density for the p-type and n-type (Ni-Si NC lm)/SOQ in Fig. 5 . The S avg values were distributed in the range of 113-157 μVK −1 for p-type lms and 170-217 μVK −1 for n-type lms, decreasing with increasing carrier density in both lm types, as is the case in single-crystalline Si [21] [22] [23] . The S avg value of p-type Ni-Si NC lms are larger than that of lms on c-Si at RT 23) , probably because of the energy-ltering effects 8) : carriers with energy below the Fermi level of Si NCs were ltered by potential barriers at the grain boundaries of Si and NiSi 2 NCs in the lms, leading to an increase in the Seebeck coef cient because the low energy carriers had reduced the Seebeck coefcient with the negative portion of the distribution. The carrier density was a key factor of the energy-ltering effect because the Fermi level positions were strongly related to the carrier density in the Si NCs. In the n-type Ni-Si NC lms, the electron density of 6.2-8.9 × 10 19 cm −3 may not have been enough to obtain the ltering effect.
In Fig. 6 , the values of ZT of (Ni-Si NC lm)/SOQ and 1079 Thermoelectric Properties of (100) Oriented Silicon and Nickel Silicide Nanocomposite Films (Ni-Si NC lm)/SOI at 300 K are plotted as functions of κ avg measured using the STPM method. The κ avg values were 2.2-3.8 Wm −1 K −1 for the p-type Ni-Si NC lms and 3.4-4.7 Wm −1 K −1 for the n-type Ni-Si NC lms. The κ value of the p-type (Ni-Si NC lm)/SOI was estimated to be 3.6 Wm −1 K −1 using the TCN-2ω method 6, 7, [11] [12] [13] . Nakamura et al. used this method to measure the thermal conductance of Si NC lms which have similar nanostructures with our Ni-Si NC lms 12) . We observed good correspondence between the κ avg and κ value obtained from two different measurement methods of the thermal conductivity for orientational grown Ni-Si NC lms. As mentioned above, the κ avg and κ value reect the isotropic and vertical heat transport properties, respectively. The correspondence between κ avg and κ value suggests that phonon scattering centers to reduce the Si thermal conductivity are distributed uniformly in the Ni-Si lms. The κ avg values of p-type and n-type (Ni-Si NC lm)/SiO 2 were estimated to be 3.6-4.4 Wm −1 K −1 and 5.4-5.8 Wm −1 K −1 , respectively, after RTA at 1150-1200 C 6) , which were found to be higher than the thermal conductivities of (Ni-Si NC lm)/ SOI and (Ni-Si NC lm)/SOQ; this was caused by increases in planar and twin defects in the (Ni-Si NC lm)/SOI and (Ni-Si NC lm)/SOQ, which could be strong phonon scattering centers. As mentioned earlier, these defects were generated with higher densities in the (Ni-Si NC lm)/SOI and (Ni-Si NC lm)/SOQ than in the (Ni-Si NC lm)/SiO 2 . We found that the ZT values were distributed into 0.2-0.42 for p-type and 0.08-0.14 for n-type Ni-Si NC lm. The uctuation of ZT values is caused by mainly variation of the Seebeck values which are altered by the carrier densities as shown in Fig. 5 . Accurate control of the carrier density in the Ni-Si NC lms was dif cult because of rough control of initial density of dopant atoms owing to the sputtering deposition and external diffusion from Si area in the lm owing to the high temperature annealing. The range of carrier densities was 3.8-5.0 × 10 20 cm −3 to obtain relatively high ZT values of 0.3-0.42 for p-type Ni-Si NC lms at room temperature. The ZT values for the (Ni-Si NC lms)/SOI and (Ni-Si NC lms)/SOQ were higher than those of the (Ni-Si NC lms)/SiO 2 , owing to reduction of thermal conductivity for p-type and n-type, and increase of Seebeck coef cient for p-type lms as shown in Fig. 5 , and improvement of the electric mobility for n-type lms as shown in Fig. 3 . The temperature dependence of the resistivity ρ, absolute S, and ZT for the p-type and n-type (Ni-Si NC lm)/SOQ Fig. 6 Plots of ZT as a function of κ for p-type and n-type Ni-Si NC lms on SOI and SOQ substrates after RTA at 1200 C, p-type and n-type Ni-Si NC lms on and SiO 2 substrates 6) , and n-type bulk Si NCs 4) at 30 C. was measured from 30 to 500 C, as shown in Fig 7. We used the ZEM-3 system to obtain the temperature-dependent S and ρ values of the lms. As shown in Fig. 7 (a) , the ρ values increased with temperature for both p-type and n-type lms. The p-type lm had higher electrical conductivity than the n-type lm because the former had a higher carrier concentration, as shown in Fig. 5 . The absolute S values of the n-type lms are higher than those of the p-type lm in the temperature range from 30 to 500 C, as shown in Fig. 7 (b) . The S values are consistent with the S avg values obtained by STPM mapping of the p-type lm at 30 C (S and S avg = ~130 μVK −1 ), while the S avg values were estimated to be lower than absolute S values for the n-type lm (|S| = 210 μVK −1 and S avg = 170 μVK −1 ) at 30 C. The increase in absolute S values of p-type and n-type lms was observed in the temperature range from 30 to 500 C, as shown in Fig. 7(b) . The Seebeck coef cients of the n-type lm were much higher than those of the p-type lm with increasing temperature, reaching 330 μVK −1 for the n-type lm and 180 μVK −1 for the p-type lm at 500 C. To calculate ZT of the lms, we used constant values of κ, 2.3 Wm −1 K −1 for the p-type lm and 3.3 Wm −1 K −1 for the n-type lm measured using STPM method at 30 C, because it was reported that the value of κ of highly doped n-type nano-bulk Si was almost temperature-independent from 30 to 500 C 4) . In Fig. 7(c) , ZT increased with temperature for p-type and n-type lms and were estimated to be 0.65 and 0.40 at 500 C, respectively. These ZT values of (Ni-Si NC lm)/SOQ are larger than that of n-type nano-bulk Si 4) as well as (Ni-Si NC lm)/SiO 2 6,24) in the temperature range of 30-500 C.
Conclusion
In summary, the thermoelectric properties of Ni-Si NC lms were improved by using SOI and SOQ substrates instead of SiO 2 substrates. Solid-phase orientational growth of Si regions in the lms was observed in the cross-sectional TEM images. Compared with the Ni-Si NC lms on the SiO 2 substrates, the carrier mobility was enhanced by the orientational growth. Moreover, the thermal conductivities of the Ni-Si NC lms on SOI and SOQ substrates were smaller than those of the Ni-Si NC lms on the SiO 2 substrates, because the density of planar and twin defects increased in the oriented grown lms. The ZT values of p-type and n-type orientational Ni-Si lms were 0.22-0.42 and 0.08-0.14, respectively, at 30 C. The ZT values of p-type and n-type orientational Ni-Si NC lms were increased to 0.65 and 0.40 at 500 C.
